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Over the past decades, low dimensional materials have attracted tremendous interests in the applications of novel optoelectronics. The confinement of electrons in nanocrystals exhibits high flexibility in the energy-relaxation pathway of photoexcited electron-hole pairs. 1 Greatly enhanced photocurrent due to the generation of multiple excitons has been observed in zero-dimensional (0D) colloidal quantum-dot, [2] [3] [4] and one-dimensional (1D) carbon nanotube systems. [5] [6] Recently, two-dimensional (2D) materials such as graphene and transition-metal dichalcogenide (TMD) monolayers, also become another fast-growing branch in this research field due to their extraordinary electrical and optical properties. Graphene, as a zero-bandgap material, has an extremely broad absorption spectrum from far-infrared to ultraviolet light. [7] [8] Its linear energy-momentum dispersion allows intriguing mechanisms of electron excitation by absorbing light while being placed in specific designed devices or heterostructures. 1, [9] [10] [11] [12] Compared to the graphene-based devices, the TMD monolayers are direct-bandgap semiconductors (1~2 eV), which possess remarkably stronger photoresponse within the visible light range, [13] [14] [15] [16] and can be complementary to the drawbacks of graphene. These studies clearly reveal that quantum confinement effect and adequate bandgap engineering can lead to superior light-dependent functionalities of the low dimensional materials than their bulk counterparts.
In addition to the low dimensional materials, transition-metal oxides, especially 6 the Mott insulators with narrow-bandgap, have been considered as another category of potential optoelectronic materials as well. The theoretical works proposed by Manousakis et al. [17] [18] have predicted that the enhancement of quantum efficiency through photo-induced carrier multiplication process may happen in those Mott insulators within the band gap range of 0.5-1 eV. However, in the bulk Mott insulators like LaVO 3 , the presence of high-density charge-trapping defects and the formation of polarons usually hamper additional multiple electron-hole pairs, leading to low performance of the photo-induced transport behavior. 19 Therefore, it would be intriguing if we can fabricate the high quality Mott insulator oxides in low dimensionality. On the basis of quantum confinement effect, while the size of materials is reduced to nanoscale, the energy bands become discrete and the band gap becomes wider. Hence, to explore the potential material systems, the transition-metal oxides with very small bandgap or no bandgap have been conceptually preferred.
Previous reports have demonstrated that the metallic oxides, such as SrRuO 3 (SRO) [20] [21] [22] or LaNiO 3 (LNO) , 23 present a metal-to-insulator transition when the thickness decreases below several unit cells, which offers the possibilities of meeting the criteria for high performance in optoelectronic devices.
In this work, the SRO monolayer has been chosen for investigating the photoresponse because it presents wide absorption spectrum in its bulk form. 24 By 7 using the merits of epitaxial oxide heterostructures, where versatile electronic reconstructions and electron-phonon interactions can be procured at the interfaces, the electronic state of the SRO monolayer can be further modulated. To achieve this purpose, a specifically designed sample architecture, similar to the cases with an inserted one-unit-cell manganite between LaAlO 3 (LAO)/SrTiO 3 (STO) heterostructures, [25] [26] has been adopted as illustrated in the schematic of Figure 1a .
LAO/STO is a famous system that possesses 2D electron gas (2DEG) behavior, which results from structural and electronic reconstruction at its interface. [27] [28] [29] [30] Therefore, the LAO capping layer is also expected to cause certain variation on the sandwiched SRO monolayer. Further verifications have been brought by electrical transport measurement, X-ray absorption spectroscopy (XAS) and cross-section scanning tunneling microscopy (XSTM). Excitingly, a large enhancement of photocurrent relative to dark-current (~325%) is obtained under the illumination with power density of 500 mW/cm 2 , which confirms the feasibility of creating and modulating the 2D oxide systems for designing new optoelectronic devices.
Results and discussion
The high-quality samples for investigation were fabricated using pulsed laser deposition (PLD) equipped with reflection high-energy electron diffraction (RHEED).
To accurately control the thickness of the SRO monolayer in one unit cell, 8 TiO 2 -terminated (001) STO single crystal substrates with atomically flat surface were required before the growth. The preparation uses the common acid treatment method proposed by Kawasaki, et al. 31 Under the optimized growth conditions (please see experimental section), the deposition of the SRO monolayer and the LAO capping layer can follow the layer-by-layer epitaxy mechanism. As shown in Figure 1b 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 the Sr atoms. The resembling phenomenon can be observed at three B-site elements (Z Ti = 22 and Z Ru = 44, and Z Al = 13) as well. By identifying these atoms in the Z-contrast images, the SRO monolayer has been confirmed to be coherently connected to the neighboring STO substrate and the LAO capping layer without detectable linear defects, presenting a high quality epitaxial growth of the designed heterostructure.
We have than examined the electronic transport behavior of this SRO monolayer.
Similar to the studies presented in several previous studies [20] [21] [22] , the resistance of this SRO monolayer presents an expectable semiconducting behavior (Figure 2a ) as well.
To understand the transport mechanism dominating in the SRO monolayer ( Figure   2b ), we firstly adopt the thermal activation model to fit the curve of temperature dependent resistance using Arrhenius equation:
where T is the absolute temperature, R 0 is a prefactor that represents the value of resistance at infinite temperature, E A is the activation energy and k B is the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   10 230 K -300 K, in which the thermal activation energy E A of ~170 meV is extracted according to the slope. However, the model quickly fails below 230K, implying that this conduction type is insufficient to be used to interpret the transport behavior of the SRO monolayer at low temperature. Therefore, the Mott variable range hopping (VRH), widely used for describing the transport behavior in many strongly correlated electron systems, has been also adopted. The temperature dependence of resistance in the Mott VRH expression can be simplified as the following equation:
where prefactor R 0 is a constant derived from the electron-phonon interaction, T 0 represents the degree of charge carrier localization, determined by the density of localized states at the Fermi level ( ( ) F N E ) and the localization length ( ξ ):
Moreover, the energy for electron hopping is also a function of temperature, and α is the dimension of system. For a 3D or 2D system, α corresponds to 4 or 3, respectively. According to this model, the electrons near the Fermi level are localized with random potential fluctuations, and the conduction principally relies on long-distance hopping of these electrons at these localized states by receiving energy from phonons. Therefore, the hopping energy ( E ∆ ) can be expressed as the equation (3): ( )
It implies that the carriers in this inserted SRO monolayer are strongly localized and confined between LAO and STO, and hence 2D hopping behavior is reasonably responsible for the transport nature. However, we still observe a deviation of the experimental data from the theoretical fitting curves below 150 K. This critical temperature is very close to the magnetic phase transition of bulk SRO. Although there is still no evidence to support the existence of phase transition in this SRO monolayer, it is believed that increasing magnetic disorder with decreasing temperature in the SRO monolayer could happen and result in the change of the electrical transport behavior. As a result, merely the 2D Mott VRH mode cannot perfectly fit the data as well, and the conduction may involve more other mechanisms at low temperature. From the analysis of the transport data, excitingly, both models reveal the similar results that a gap has now been created in the energy band of this SRO monolayer, which satisfies the first criterion for high efficient optoelectronics.
It is noteworthy that no study has experimentally revealed electrical transport behavior of the SRO monolayer thus far. The thinnest SRO film with the detectable We have also found that the resistance of STO/SRO/STO is extremely high and exceeds the measurement limit of our instrument. It is consistent with the present studies mentioned above that the resistance of the SRO monolayer is hardly being detected. The corresponding evidence will be given in the latter photoresponse measurement. Although the peak for the Ru 4d state in the SRO monolayer is very broad, its peak position still locates at nearly the same energy with that of the bulk SRO film, suggesting that no obvious oxygen deficiency occurs at this RuO 2 plane. Similar inference can be also obtained from the Ti 3d state, which has no obvious peak shift between the samples of the SRO monolayer and the 100-unit-cell SRO film. Because the Ti 3d state only reflects the oxidation for the STO substrate, the unchanged valence state of Ti ions supports that charge transfer can be effectively protected at the top SrO plane. Moreover, the spectra of STO/SRO/STO and LAO/SRO/STO both exhibit a double-peak feature, where the most intense peaks (e g levels) and pre-peaks powder. While the thickness of this inserted SRO layer is increased to 100 unit cells, its line shape becomes the same with that of the SRO powder again, implying that the 100-unit-cell SRO thin film maintains the bulk properties and the effect of the LAO capping layer can be ignored. The t 2g -e g crystal field splitting in the SRO monolayer is realized from the breaking of degeneracies of electron orbital states in Ru ions due to the produced electrostatic field while being placed in the octahedrons. Further orbital splitting of the e g and t 2g states caused by the Jahn-Teller effect appears when a strain or deformation is introduced into these octahedrons. The higher the intensity ratio of main peak to pre-peak (e g / t 2g ) is, the less distortion the Ru octahedron has. 37 Therefore, in this work, the SRO monolayer possesses less lattice distortion while being covered by the LAO than the STO thin film. Such can be attributed to the relaxation by the conceivable presence of point defects like oxygen vacancies produced in the top SrO layer during high vacuum deposition process for LAO. The possible mechanism for how the lattice variation leads to the modulation of resistance has then been described in the schematic of Figure 3c . In bulk SRO, the Fermi level is located within the valence band of the Ru t 2g orbital that usually exhibits a low spin that modulation of lattice distortion should dominate the transport behavior of the SRO monolayer rather than charge transfer effect.
The band gap variation of the SRO monolayers in the cases with different capping layers can be further supported by the density-functional theory (DFT) calculations as shown in Figure 4 . To investigate the properties of the SRO monolayer at the interfaces, we constructed two cases of slab models, each of which has two symmetric interfaces. The case 1 is (STO) 6 -(SRO) 1.5 -(STO) 5.5 -(SRO) 1.5 -(STO) 6 , denoted as case 1 -L6. The case 2 is (LAO) n -(SRO) 1.5 -(STO) 5.5 -(SRO) 1.5 -(LAO) n , in which n = 1 for case 2 -L1 and n = 2 for case 2 -L2, respectively. Figure 4 shows On the other hand, the band gap of the SRO monolayer in case 2 -L1 is estimated to be 0.15 eV, which is obviously narrowed compared to that in case 1 -L6. This narrowing effect is much more significant in case 2 -L2, where the SRO monolayer shows spin-polarized conducting state, as indicated by the corresponding layer projected density of states. When the unit-cell number of the LAO capping layer increases above 2 unit cells, all simulated results are almost the same with case 2 -L2.
Therefore, the comparison among these three cases is enough. In experiment, although the resistance in LAO/SRO/STO is still high with presenting a semiconducting feature, we can find that it is relatively smaller than that in STO/SRO/STO. The difference between theory and experiment data may be originated from some non-perfect condition in samples such as temperature effect because all theoretic results are constructed on the calculation adopting absolute 0 K, whereas the experimental results can only be obtained at above 60 K. However, the tendency is similar for both theory and experiment, indicating that the band gap of the SRO monolayer with the LAO capping layer is intrinsically smaller than that with the STO capping layer. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   17 The photoresponse of the SRO monolayer was then conducted by a simple e-beam lithography pattern with four square electrodes connecting to the interface. As shown in Figure 5a , the light illumination was focused on the center area between the electrodes. The change of current under the illumination is defined as photocurrent: ∆I = I light -I dark , where I dark is the dark current before illumination and I light is the obtained current under the illumination. The ratio of ∆I/I dark is then defined as photoresponse. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 (a-SRO) were required to avoid crashing the tip during the scan. Therefore, the 6-unit-cell STO film was deposited on the Nb:STO substrate at first to mimic original environment of LAO/SRO/STO sample. Afterward the SRO monolayer and the LAO capping layer were sequentially grown on STO. Finally, the surface was covered by a conducting a-SRO film with the thickness greater than 500 nm for protection. After finishing the growth, the sample was transferred in an ultra-high vacuum (UHV) chamber to proceed the following cleavage and probe of the sample. 41 The measurement method is schematized in Figure 6a . Before the illumination, Figure 6b By extracting the intensity profile at the SRO monolayer, we are able to observe its energy gap directly. Before the illumination, the SRO monolayer possesses a small energy gap around 0.8 eV (Figure 6g ), supporting the presence of semiconducting behavior. When the sample is irradiated, the energy gap of the SRO monolayer is reduced to 0.6 eV and the corresponding density of states (DOS) increases as well (Figure 6h ). Such a reduction of energy gap under illumination is possibly from the structural variation of the SRO monolayer due to the photostriction effect and photo-excited electrons accumulated at the interface. [39] [40] Hence, the electronic conductivity of the SRO monolayer can be greatly enhanced under illumination.
Conclusions
In this work, we have demonstrated the fabrication of the complex oxide monolayers inserted in specially designed oxide heterostructures through the layer-by-layer growth mechanism and their potential in the optoelectronic devices. On the basic concept of the quantum confinement effect, we can start with a complex oxide, like SRO adopted in this study that originally possesses metallic characteristic in its bulk counterpart, and then force it to open a small bandgap and become semiconducting by limiting the 
Materials and Methods
Sample Preparation: The samples were fabricated on TiO 2 -terminated STO (100) substrates using PLD. During the deposition, the stoichiometric targets of SRO, LAO, and STO were used, and the growth of monolayer and capping layers were precisely Torr to ensure the layer-by-layer growth. 43 After the deposition, all the films were post-annealed at the oxygen pressure of 300 Torr for 30 min, and then cooled down to room temperature. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Structure Characterization by STEM

DFT calculation:
We used first-principles calculation within the framework of density-functional theory to investigate the electronic states of the SRO monolayer.
These calculations were performed using the Vienna ab initio simulation package (VASP), [44] [45] in which the exchange-correlation potential is treated in Perdew-BurkeErnzerhof (PBE). Because the on-site electron-electron interactions are strong in the localized d orbitals for Ru, the Hubbard U parameters, i.e., U = 2.5 and J = 0.4 eV were applied to Ru d orbitals. These parameters have been extensively used to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   25 investigate the electronic and magnetic properties of SRO-based interfaces. 46 The energy cutoff of 500 eV was used for the plane wave expansion of the projector augmented wave and 5×5×1 Monkhorst-Pack grid is sampled for k-points in the self-consistent calculations.
Electric transport Measurements:
In order to conduct the transport measurements, four square metallic (Au/Ti) electrodes (0.3 mm 2 size) connected to the sandwiched SRO monolayer were thermally evaporated on the samples using e-beam lithography. Then gold wires were manually bonded to the electrodes using silver paste. The typical transport measurement was performed on Cryogen-free 4 K cryogenic probe station (Lake Shore Model CRX-4K) with high resistance meter (Keithley Model 6517A) for the samples. The resistance was obtained under the DC electric bias 1 V.
Photoresponse measurement:
Photoresponse of the samples was measured by a semiconductor characterization system (Keithley 4200-SCS with DC preamplifier). During the photoresponse measurements, the samples were illuminated by four kinds of single mode laser diodes:
350, 405, 520, and 642 nm, respectively (Thorlabs modulated by the ITC4001 driver).
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